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Abstract

The Picatinny Arsenal Safety Design Criteria Prog-am is aimed at establishment
oi quantitative, realistic criteria for optimus design of protective structures to
prevent propagation ol explosion, injury to personnel, and damage of iateriel.

The overall program consists of three phasss. Phase I deals with prevenvion
of propagation and personnel injury due tc pure biast =ffects. Phasce II deals
with the effects of priwar" fragnent impacts resulting from rupture of the donor
explosive casing in causing explosion propvagation. Phase IIT deals with the
development of design criteria Ffor barricades and substantial dividing walls For
prevention of explosion propagation and persconnel injury.

Pnases I and II of tnis study cover establishment of quantitative desien
criteria {or explosives facilities relating to prevention of explosion promagation
oy blast and fragment iLmpact effects. The metnods presented are based on nrediction

of large-scale pehavior of these materials employing relationships which require

ata from small scale tests only. Relationships nave also been cdeveloped which
permit the calcwlation of safe distances for prevention of propagation of detonation
due to fragment impact between adjacent potentially mass detonating explosive

~elation-
ships perait orediction of probability of propagation in an existing situation as
well as calculation of necessary changes in acceptor shielding and/or separation
distances for any other toleraole degree of risk.

Phase III of the program, deals with guancitative methods for realictic de
of protective walls or combinations of walls (manufacturing bay or storage cuvicl
Consideration is given to such factors as donor sifects, wall responses, and
acceptor (personne1 equipnment or anotiner explosive cnarge) sensitivity to the
effects of donor detonation. 3pecial ewphasis is placed con close-in eifects of
donor detonation where non~uniformity of wall loading makes the apolication of ine
plane wave theory not valid. The donor charge winich determines the blast loads
and primary fragments is discussed in terms of various parameters of dcnor caarac-
teristics. Wall responses (to the blast loads resulting from the doner explosion)
are discussed in terms of various modes of wall failure which may impair structural
integrity of the wall. These are: (1) spalling (ﬂausirr formation of secondary
fragments) (2) punching (local shear failure causing formation of secondary frag-
ments) (3) flexural failure (caused by overall flexing action of the wall which
brings the wall to the point of incipient breakup) (4) total destruction of the wall
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(causing complete breakup into secondary fragments) (5) penetration of the wall by
primary missiles (resulting in either perforation of the wall or spalling). Also
discussed are various degrees of wall support as well as different types of wall
construction including sandwich-type walls.

The acceptor sensitivity is discussed in terms of either total protection level
(for personnel and equipment) where essentially no damage to a protective wall can
be tolerated, or lesser degrees of protection to protect against propagation orf
explosion.

Introduction

The lack of quantitative design techniques for safe explosives storage and
manufacturing facilities has been & contimuing problem. Although present salety
regulations have been effective in preventing explosion propagation over the past
years, this has been largely due to the high degree o overdesign incorporated in
these regulations. HMoreover it has become increasingly apparent in recent years,
particularly with the advent of high energy propellants, that the present safety
regulations are seriously inadequate in that they do not provide systematic tech-
niques for optimum design of protective structures required in explosive and
propellant manufacturing plants and storage aresas. The aim of the Picatinny progran
is to establish such quantitative realistic design criteria which can be used with
confidence in engineering protective structures to prevent propagation of explosions,
injury to persomnel, and deamage to materiel.

The various phases of the program are shown schematically on Figure 1 which
shows phases completed and those in progress at the present time. Phase I of the
overall program deals with propagation of detonation due to pure blast effects
(sympathetic detonation). Phase II deals with the effects of primary fragment impact
(resulting from rupture of the donor explosive casing) in causing explosion propaga-
tion. Phase III deals with the development of design criteria for protective
structures for prevention of explosion propagation and personnel injury.

The analytical portions of the overall program have been essentially completed.
Detailed results of these studies are contained in References 1, 2, 3, and L.

At present a model scale test program is in progress which is designed to
confirm the design relationships developed, and/or to indicate areas where these
relationships should be modified or supplemented.

Phase I -! Sympathetic Detonation

. This phase of the program deals with establishment of realistic quantity-
distance relationships for prevention of sympathetic detonation. The general
. equation proposed is shown in Figure 2 and is based on correlation of available
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data and relationships reported by variocus investigators. It has been found to

hold fairly well for donor charges of various explosives ranging from 1-250,000
pounds of weight. This equation accounts for various factors in addition to

weight (i.e. degree of confinement, ground reflection, explosive composition, and
shape) which affect the peak pressure blast cutput of a donor charge. This is
accomplished by means of the various coefficients indicated which refer the-actual
donor charge weights to a set of standard conditions. The factor K, therefore, is

a constant for each explosive depending only on its sensitivity to blast (i.e. con-
sidering the explosive in the role of acceptor charge). Each K value corresponds

to a particular peak pressure which is the minimum blast pressure required to

cause sympathetic detonation. It should be noted at this point that the cube root
lav correlation and the method of donor weight adjustment employed are consistent
with the assumption of peak pressure as the criterion of explosive blast output.

The factor K for a particular material can be determined by a series of small scale-
tests in which different weights (e.g. 1-100 pounds) of bare spherical TNT charges
held sufficiently high above the ground so that ground reflections may be considered
negligible (i.e. Fo, Fg, Fe, and Fy each equal 1) are detonated at varying distances
from an acceptor charge of the material in question. A logarithmic plot of the
maximum distance at which sympathetic detonation occurs versus corresponding donor
weight should give a straight line of 1/3 slope, the intercept of which on the
distance axis is equal to K. Concerning the donor weight adjustment factors, a
considerable amount of informetion relative to these factors is available in the
literature (References 5 and 6). In cases where coefficients rmst be determined this
can be accomplished by appropriate small scale tests. For example, the composition
coefficient Fe, for a new mass-detonating explosive could be determined by the method
outlined on Figure 3.

Figure 4 is a simplified illustration of what can be done with the proposed
quantity-distance relationship for sympathetic detonation. First, it shows a
logarithmic plot of the available test data relative to occurrence of sympathetic N
detonation. The effective donor weights ranging from 3-450,000 pounds were
calculated by adjusting the actual donor weights (1-250,000 pounds) by the method
previously described. The plotted distance corresponding to any indicated charge
weight approaches the maximum distance at which sympathetic detonation would occur
with that charge; or conversely the plotted donor charge weight corresponding to
any indicated distance approaches the minimun weight necessary to produce sympathetic
detonation at that distance. As would be expected, the plot shows a region in the
weight-distance plane- vhere sympathetic detonation d4id not occur. A straight line
drawn to separate the region of non-occurrence of sympathetic detonation from the
region where sympathetic detonetion did occuyr, has a slope of approximately 1/3
and corresponds to the equation d; = 3.1W.1l/3 and a peak pressure of 100 psi.

This is a gross separation based on the most sensitive explosive considered, i.e.
dynamite. - Of course, the methods previocusly described could be used to establish
a family of -such.lines, one for each mass detonating explosive depending on its
sensitivity. ' For many explosive materials of current military interest, such lines

" will-lie considerably below the gross boundary shown on Figure 4. (i.e. they will

be less sensitive). Indeed, for TNT-base explosives, threshold peak pressures
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required for sympatietic detonation are of the order of several tacusand vsi.

The line shown immediately above the sympathetic detongtion oboundary correcvond:

to a pressure of 30 psi and has the equation dg = swel 3 which constitutes the
application of safety factor of 1.5. It is apparent that present intialine and
nagazine quantity-distances for mass-detonating explosives (broken lines cn Figure
L) are overly conservative for prevention of propagation due to pure blast effects.
It should be noted that, although & literal interpretation of tnese regulations is
that they are for prevention of pure blast effects only, they are intended to pro-
vide some degree of protection against propagation by fragment impact, since a

real situation where only blast effects are significant is unlikely. The extent

of this protection ageinst fragment effects, however, is not quantitatively de-
fined. As will be discussed later in this paper, Phase II of the Picatinny program
is concerned with a quantitative approacit to gquantity-distances for fragment effects.

The significance of factors affecting the outpul of a donor charge is sihown
in Figure 5 which is a summary of calculations made by the metiod previously de-
scribed to arrive at effective weights of a 10,000 pound donor charge detonated
under a wide vange of conditions, and corresponding safe distances obtained from
the dg = 5Wel 3 quantity-distance relationship. Ve have asswmed a cylindrical
shape for the charge, corresponding to a shape correction Ffactor (Fg) of 1.25.

As indicated at tue left of the table various explosive compcsitions were con-
sidered, corresponding to composition correction factors (F.) ranging irom 1.0 for
TNT to 1.27 for explosive Z. Across the top of ©the tahble are assumed correction
factors (Fp) ranging from 1.5 to 2.0 for various degrees of ground refiection, and
for each of these reflection conditions, correction factors (F;) ranging from 0.9
to 1.17 for various degrees of confinement ere indicated. Tne calculated values of
effective donor charge welghts range from 12,500 pounds to 40,000 pounds with
corresponding safe distances of 116 feet and 172 feet, respectively. According

to present intraline regulations, the explosive weight would be teken as 10,000
pounds and the corresponding safe distance as 400 feet, regardless of the widely
varying conditions indicated.

Phase 11 - Propagation by Primary Fragments

This phase deals with the effects of fragment impact in causing hign order
detonation in an explosive charge, and related safety design criteria. This work
has resulted in the establishment of (1) a method of predicting the vulnerability
to high order detonation of an explosive system (or vulnerability to mass detona-
tion of adjacent explosive systems) in terms of geometry of the system (e.g.
explosive weight/casing rate, casing thickness and diemeter) and explosive proper-
ties (e.g. output and sensitivity), and (2) a method for calculating safe distances
for any assumed degree of risk. The methods are based on correlation of various
relationships developed Ly British and U. S. investigators as a result of theoretical
studies, confirmatory tests, and actual experience. The general relationships are
presented schematically on Figure 6. These equations permit prediction of the gross
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mass-detonability characteristics of explosive systems. 3Shown are the fa
which mist be considered for any explosive system in either a donor or ac
role. As indicated by equation (1) an output constant (E') must ba establ
for the donor charge. Values for several standard explosives are available in

the literature, Reference 7. For other explosives or propellants, E' could 2z
established experimentally by conducting small scale tests in which cased samplec

of various E/C ratios are detonated and corresponding fragment velocities measured.
The output constant is rcadily obtainable from a plot of (Vo) vs (E/C) in accordance
with equation (1). =Rauation (2) is for calculation of the nurber of fragments in
any particular weight range produced by detonation of a cased charge. £ special
case of equation (2) can be used to calculate the mass of the largest fragment
(tpmax) produced in the detonation according to ecuation (2a).

+
o

o

o

Considering, now, an explosive system in the role of an acceptor, ecuation (3)
indicates that an explosive sensitivity constant (Kp) must be establiished for the
acceptor explosive. As in cases of the other constants previously discussed, values
of this constant are available for some of the well known explosives such as THT and
RDX/TNT mixtures (Reference 8). For other explosives and mass-detonating pronellants
the (Kf) velue could be established by a plot of Wy vs f(ta)(m) in accordance with
equation (3). A simple method of obtaining the necessary data would be to Iirs
individual fragments of known mass against explosive charges with various deg:
of casing, and determining, for each charge, the miniium velocity of a given {rag-
ment required to produce high order detonation.

=333

Once the various explosivé constants have been cstablished, ard knowing tine
overall geometry and dimensions of an explosive system, i1t can be seen from Fig
that a reasonably reliable prediction as to its vulnerability to high order detcna-
tion by fragment impact (or its potential ability to contribute %o propagatiocn ol en
explosion, when considered in relation to any specific envirenment of adjacent
explosive systems) can be made by a straightforward series of calculaticns. Thus
for a particular donor-acceptor situation (Vy) and (i,.) are first ealculated.

Since the equations are based on the assumption of cylindrical caged char (.2,
constant cross-section) this will often recuirz consideration of the donor in
sections in such a way that equivalent cylinders can be constructed, having averegss
wall thickness, average charge diameter, and tae same (E/C) ratio as the actual
section. After calculating (Vo) and (mypy) for each section the c01respond_1g

value of {Vomin), is calculated, assuring impact at the thinnest portion of
acceptor casing (i.e. the most severe condltlono). It is also assumed tuat
acceptor is in very close proximity to the donor (again, thie most severe cond
so that fragments strike the accepuor at their maxiimm velocity (VO), 1._. th
are no velocity losses which would increase with increasing distance fr
As shown in Figure 6, therefore, the ratio (Vo/Jopln/ is a criterion for Dredlct-n
the gross mass-detonability characteristics of explosive systems.
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Development of relationships for calculation of safe distances in terms of
probability of high order detonation occurrence or risk of propagation of detona-
tion by fragment impact at these distances will now be discussed. For the sake
of simplicity and convenience a graphical representation of these relationships
is shown schematically in the next series of figures.

The plot presented on Figure 7 is based on equation (4). It relates fragment
striking velocity (Vs) with fragment mess (m) at any distance from the detonation
source (d) (constant distance lines - dp being limiting distance at which detona-
tion will occur). Each plot is made for a single value of initial velocity of
donor fragments (Vo). A series of plots like the one presented on Figure 7 can
be prepared for different values of (V,). The constant (k) is a function of the
presented area to fragment mass ratio, density of air, and air drag coefficient.
(References T and 9). Figure 8 is & schematic representation of equation (3)
which defines the minimum velocity a fragment must have in order to detonate a
given acceptor. This plot relates the boundary velocity (minimum striking velocity
at which a high order detonation will occur) with fragment mass (m) and acceptor
casing thickness (ta) and/or thickness of shielding in front of acceptor charge.
The graph is plotted for a single .explosive sensitivity (expressed in terms of
the sensitivity constant (K¢), discussed previously).

When the plots from Figures 7 and 8 are combined as shown on Figure 9 useful
relationships are obtained. Figure 9 relates striking velocity (or boundary
velocity) of a fragment with fragment mass at various distances (d) and acceptor
casing thickness (tz). If boundary velocity of a fragment is now equated to its
striking velocity, it becomes possible to find the minimum effective mass of a
fragment produced by the donor explosive that will cause a high order detonation
in the acceptor charge at any distance from the donor (d) and/or shielding of the
acceptor (t). The number of such effective fragments produced at any distance
from the donor charge can then be calculated from equation (2).

It is of interest to note the limiting case which is shown by equation (La)
on Figure 9. This indicates the maximm distance (dm) at which propagation by
fragment impact can occur for a given donor ~ acceptor situation. This is the
distance at which the largest fragment (mmax) produced by the donor strikes the
acceptor at the minimm veloeity (mein) required for detonation. It should be

noted further that in terms of probability of acceptor detonation this is a bound-
ary situation representing minimum probability of acceptor detonation occurrence,
i.e. maximm distance, minirmm boundary velocity, and minimm number of effective
fragments. (the single largest donor fragment). At greater distances and/or lower
velocities, the probability of acceptor detonation is, therefore, presumed to be
zero. : .
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The general case of reducing design distances from the limiting distance
value (as expressed by equation (4a)) and/or shielding thickness by accepting a-
certain risk or probability of the possibility of high order detonation occurrence
will now be considered. The probable number of effective hits (i.e. hits which
upon striking the acceptor charge will cause high order detonation) by impacting
fragnents is expressed by equations (5) and (58), Figure 10 (Reference 7). As can
be seen from this equation, the probability per unit area is proportional to the
number of effective fragments (Ny) (obtained from equation (2) previously discussed)
and inversely proportional to the distance between the donor and accevtor charges.
Included in the equation is a constant (g) governing the distribution of fragments,
which depends on the spacial angular distribution of fragments. The plot shown on
Figure 10 relates the distance between the donor and acceptor charges (d), shield-
ing (t,), and probability of high order detonation occurrence (E). The zero
probability curve (Py) indicates a relationship between the distance (d) and shield-
ing (t) beyond which no high order detonation is possible. This line represents
the limiting case mentioned earlier.

The higher the probability level that can be tolerated, the lower the distance-
shlelding combination necessary. This relationship permits gross prediction of the
necessary separation and/or shielding between two explosive systems at any degree
of probability of high order detonation occurrence. To compose such a relationship
for a specific situation all that would be necessary is knowledge of the geometry
of the system and the previously discussed explosive properties relating to sensi-
tivity and output.

Phase IIT - Design of Protective Structures

The design or capacity of a protective wall or combination of walls (a manu-
facturing bay or storage cubicle) must be determined when considering any explosive
manufacturing and/or storage situation. Although current regulations give guide
lines for establishing barricades and substantial dividing walls which have been
effective for many years, a quantitative procedure for assessing the degree of
protection which may be expected from existing protective walls, or designing new
walls is not available.

Developing protective wall design criteria.(based on existing data and theoret-
ical consideration) has been primarily concerned with relatively distant effects of
explosions where a plane wave approach may be employed. Although situations of this
sort are of occasional interest in Ordnance, the majority of cases are concerned
with close-in effects where explosives are in relatively close proximity to the
protective wall. Application of plane wave theory is not valid in such cases be-
cause of non-uniformity of wall loading (Reference k).

A typical situation for which structural design criteria must be considered

consists of three separate but related systems as presented on Figure 11, i.e. the
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donor (explosive material) which produces the damaging outwvut, the acceptor
(explosives, equipment, personnel) which will regulate the allowable tolerances
of the overall system, and the intervening protective barricades, walls and/or
distances which reduce the donor output to a tolerable level with respect to the
acceptor.

Donor LEffects

The damaging output of the donor is in the form of blast pressures and/or
primary fragments, depending upon whether the explosive is cased or uncased.
Based upon meintaining the overall stability of a protective wall, the blast
pressures and impulse loads resulting from the detonation will be of prime import-
ance (References 10 and 11). The physical properties of the donor system will deter-
mine the magnitude of the blast loads and the distribution of the pressure pattern
on the wall, as well as the mass-velocity characteristics of primary fragments.
These properties consist of (1) explosive characteristics, namely, type of explosive
material and energy output, weight of explosive, and type and thickness of casing,
(2) location of the explosive relative to the barrier and/or acceptor, (3) magnifi-
cation and reinforcement of the initial blast wave by the presence of adjacent
obstructions and/or structures.

Three basic donor charge locations are of interest as shown on Figure 12.
First, the donor may be in free air with the blast wave propagating out from the -
center of the explosion and striking the wall (Figure 12a). Secondly, the donor
may be at such a location relative to the wall that a Mach stem will be formed
which only partly envelopes the wall, while the remainder of the wall is subjected
to free air pressures (Figure 12b).. Third, the charge location may be such that
the pressure in the Mach front will be felt over the entire wall surface. The
wall is then subjected to a uniform blast load or plane wave (Figure 12c). Further
details are given in Appendix A.

In considering any particular wall of a cubicle type structure the blast
enhancement effects due to reflections from the ground and adjacent walls must be
considered. This is done by determining applicable reflection coefficients, which
in turn are used to determine the equivalent weight of the charge acting on the wall.

Figure 13 indicates graphically the method for determining reflection factors
as a function of various parameters. These reflection factors are utilized as
miltiplying factors to be applied to the actual charge weight, thus obtaining an
equivalent charge weight (see Appendix B).

Wall Responses

The response of the protective structure to donor ocutput will depend on the
properties of the donor system as described above and the physical characteristics
(material, strength, and configuration) of the structure itself. The donor cutput




will establish the loading on the wall while the wall characteristics will covern
its restraining capabilities to the applied load. Vhen a protective wall is sus-
jected to the detonation effects of an explosion, the wall will either rewain
intact (elastic response) undergo plastic action (permanent deformation) or fail,
depending on magnitude of the load, load distribution, and the wall response.
(Reference 12). For close~in detonations, design for elastic response oi a wall
will be practical only for small charges and generally is only of concern in the
design for protection of personnel and/or valuable equipment. For those systems
where the integrity of the wall is not essential, the wall response may be expressed
in terms of various modes of failure. A schematic representation of these failure
modes is shown in Figure 14. The wall can be affected either by primary f{ragments
or vy blast. Primary fragments can either perforate the wall and come out on the
acceptor side with some residual velocity, be embedded in the well resulting in
spalling, or be embedded in the wall without causing any damage on the acceptor
side (indicated by "no action" on the chart). Spalling caused by primary fragments
produces secondary (concrete) fragments of extremely low velocity (several feet/sec.).
In most cases (except where personnel protection is involved) these effects can be
neglected. On the other hand perforation of the protective wall oy primary frag-
ments may cause propagation in the acceptor charge if their mass and residual
velocity are sufficiently high. A quantitative method has veen developed lor
estimating residual velocity of primary fragments as a function of wall thickness,
fragment size and material, and initial [ragment velocity. (See Appendix C).

Response of the wall to blast effects of close-in detonation may ve expressed
in terms of several modes of wall failure (shown on the chart). .Under the action
of a blast load, these modes consist of (1) the formation of concrete fragments,
(secondary fragments) by scabbing (spalling) action of the rear surface of the well
(2) local failure of the wall resulting from development of excessive local shear
stresses (punching failure), (3) flexural failure of the wall due to the overall
bending action of the structure (including chearing at the base), and (k) total
destruction resuiting in collapse of the wall due to the combined action of several
of the previously rmentioned failure modes. Figure 15 is a plot relating mass,
velocity and kinetic energy with charge weight and distance from the wall for the
spalling mode of wall failure. Figure 16 is a similar plot indicating the mass,
velocity and kinetic energy of the punched out section of the wall as a function of
donor charge weight and distance from the wall. When total protection is reguired,
such as for personnel or very specialized equipment, neither puncning nor spalling
can ve tolerated. Figure 17 relating charge weight with scaled distance indicates
threshold conditions of non-occurrence of spalling for various wall thicknesses.
For a given charge, spalling failure will generally occur at threshold scaled
distances greater than that required to produce punching. This chart, therefore,
also serves as & conservative criterion for determining the occurrence or non-
occurrence of punching. ’

The flexural mode of failure involves failure due to overall bending action
and/or shearing of the wall at its base produced by the blast load impinging on
the wall surface. The wall bends and deflects until such time as the entire
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system comes to rest at some permanent distorted position or collapse occurs at
an overstressed section of the wall. The occurrence of the final permanent dis-
torted position or failure will depend upon the magnitude of the applied load and
the load carrying properties of the wall such as its moment and shear capacities.
Figure 18 represents incipient conditions of flexural failure for a cantilever
wall. The charge weight is correlated with-the wall height for various wall
resistance requirements expressed in terms of moment capacities (determined by
concrete strength, reinforcement and wall thickness). For any point on the line
of constant pressure leakage (blast leakage over and around the wall) relating
minimum wall height with donor charge weight, the intersection with a constant
resistance line indicates the flexural failure threshold condition for the wall.
For total protection the wall capacity must be greater than that for incipient
failure conditions indicated on the chart. On the other hand, when protection
against explosion propagation is the only requirement, wall collapse is tolerable
as long as the secondary fragments do not become & new source of propagation of
the acceptor charge.

The total destruction mode of failure will now be considered. Tigure 19
is a plot for determining velocity and kinetic energy which will be produced by
the failure of a wall due to punching, flexural failure, or a combination of both
as a function of donor charge weight, for various secondary fragment masses.
Each chart is for a particular wall thickness and scaled distance. The mass dis-
tribution of these fragments will depend upon such factors as charge size and
location, wall configuration (height thickness, reinforcement, support conditions)
and the properties of the concrete, while the fragment velocity will be governed
by the fragment mass and the magnitude of the impulse load acting on this mass
after wall break-up. The properties of reinforced concrete cannot be completely
defined due to its non-~-homogeneous nature, and therefore the velocity of the
various fragments cannot be precisely predicted for a given condition. However,
an estimate can be made of the average value of the maximum velocity of any
particular size fragment formed upon collapse of the wall. The chart presented
in Figure 19 is based on such estimates.

This paper, tms far, has dealt with standard reinforced concrete cantilever
walls., Charts similar to those shown have been developed for walls with two
adjacent fixed edges and two free edges, walls with three fixed edges and a free
top edge, walls fixed on all four edges and one way spanning walls restrained on
both edges. Also, in addition to the standard reinforced concrete wall, two
other types of wall construction have been considered, namely, a standard rein-
forced concrete wall with stirrups added primarily to increase resistance to
punching, and a sandwich wall (two concrete walls with sand f£ill between them).
Further details on the sandwich-type construction are given in Appendix D.

1
1
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Acceptor Response

The acceptor regulates the tolerances for which an overall system is designed.
Here the yield and location of the donor along with the capacity of the protective
structure mist be selected to produce a balanced system with respect to acceptor
sensitivity. The acceptor may consist of either another explosive charge, per-
sonnel and/or valuable equipnent. In case of personnel and equipment, full pro-
tection will usually be required. For explosive acceptors the degree of protection
required for prevention of propagation will usually be less than that required
for total protection, and will generally, be governed by the detonability of the

acceptor when subjected to (1) blast effects developed by detonation of the donor

explosive, (2) primary fragment impect, and (3) secondary fragment impact resulting
from break-up of the wall. Based on limited data available from initial tests
conducted under one phase of the confirmatory test program mentioned early in this
paper, impact of secondary fragments appears to be the most probable cause for
detonation of the acceptor charge. No conclusive experimental data are available
thus far for complete quantitative evaluation of secondary fragment parameters
(mass, velocity, shape etc.) and their relation to occurrence of detonation in the
acceptor charge. As the test program progresses, these relationships will be
established.

In conclusion, it is expected that the Safety Design Criteria program will
result in far reaching and continuing benefits to defense agencies as well as

‘private industry engaged in manufacture of explosives and high energy propellants

with respect to permitting most effective use of existing explosives storage and
manufacturing facilities, and optimization of construction of new facilities.
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APPENDIX A

Blast Loads on Walls Subjected to Combined Free Air and Eeflected Przssure:c
and Walls Subjected to Plane Wave

When an explosion occurs near a dividing wall such that a lach
formed, partly enveloping the wall, the structure is subjected to wo
and reflected pressures.

As the incident shock wave expands radially from the center of the detonation,

the shnock front will come in contact with one or more reflecting surfaces.
surfaces are the wall in question and adjacent nmembers of the structure (wal
floor, etc.) If a portion of the wall in gquestion is subjected to the chock
front before the frontal pressures have besn magnified by the wave impinging
adjacent mempers, this section of the wall is considered to be subjected to
alr pressure only. On the other hand, if the pressures acting on a portion
the wall have been intensified vy the presence of one or more adjacent mem
then this section of the wall experiences reflected pressures. The demarcati
between the two loading conditions is defined by neight of the triple pcin’
at which incident shock, reflected siwock, and ifach fronts meet), ground 2270
distance (measured along tne refle cting suriace from a point nommal to the

to the point in question) and the height of explosion above the rellecting

These

1s,
ware

on

(n01nv

(See Figure A1),

When a wall is subjected to a planc shock front traveling normal to the well,
every point on the front surface of the wall may be assumed to be subjected to
the same shock overpressure at any particular time after the arrival of thﬂ blasv
wave at the wall. Therefore the rellected (face-on) pressures, resuliing Iroi
the shock front impinging on the wall, will be uniiorm over the entire wall sur-
face.

Whether a wall is sudbjected to a plane shock front may bz determined by the
path ol the iriple point. If the height of the triple point is greater than tne
height of the wall, when the shock wave arrives at the wall, the wall is sub ected

to uniform pressures or a plane shock wave (Figure A2).
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APPENDIX B

Calculation of Blast Loads Acting On Protective Walls of Cubicle Tyme 3tructurgs

To analyze the effects of close-in detonation within a cubicle type structure,
the actual loading conditions can be approximated by determining the reflection
factor (B;) based on the positive free air impulse loading: The reflection factor,
is defineé as the ratio of the yield of an explosion in free air to tne yieid ol
an explosion near a reflecting surface, each of which produce equal totel ipulse
loads and therefore relates the magnified value of the free air positive pressuce
impulse acting on a wall, due to the surrounding structure, to the total impulse
of the blast loading (positive phase of both free air and reflected pressures)
acting on a wall. Tor the utilizetion of the reflection factor, the type of wall
(boundary conditions) and the location of the charge in relation to the wall and
the surrounding structure must be known. For cubicle type structures where the
walls are generally supported on two and/or three sides (Figure 11){one side-and
top open to the atmosphere), the reflection factors are related to the normal
scaled distance (ZA) between the charge and the wall being investigated, the
scaled distances between the centerline of the wall in guestion and the adjacent
wall (Zg), the ratio of the distance between the charge and the nearest adjacent
wall, Lo the length of the wall in question (1/L) and the ratioc of the heignt of
charge ebove the floor slab to the height of the wall (h/i). Figure 13 is a
typical chart which indicates graphically a method for determining reflection
factors as & function of these parameters. In calculating the reflection factors
for the side walls, the effects of the reflection of the blast loads off the
wall opposite to the one being investigated, have been neglected. After corrections
for reflection effects have been made, an equivalent scaled distance of the charge’
from the wall in question is established. Pressure and impulse loads are then
determined from Figure Bl (Reference 10).
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APPENDIX C

Primary Fragment Penetration Through Concrete Wall

Some previous data pertaining to a problem (effects of bombs and projectiles
striking concrete structures) similar to primary fragment penetration have been
obtained (Reference 13). The results of the study covered by this paper, which
is based upon empirical and theoretical relationships correlates fairly well with
these data.

Figures Cl and C2 are based on these relationships. Figure Cl relates the
striking velocity of primary fragments (Vq) with maximum penetration (X) for
various fragment sizes (m). Once the maximum penetration of a given size fragment
is known the fragment residual velocity can be obtained using Figure C2. This
plot correlates two ratios, namely, the ratio of the residual velocity to stiriking
velocity (Vo/Vy) and the ratio of wall thickness to maximum penetration (T/Xy).
Residual velocity is obtained by multiplying the striking velocity, by the V2/Vl
ratio.

In order for a fragment to have a residual velocity after penetration through
the wall, maximum penetration (Xm) indicated on the previous figure must be greater
than the wall thickness (T). The particular charts shown are for a fragment of
armor-piercing steel having a general hemispherical shape. For other than armor-
piercing fragments a correction factor mst be applied (e.g. correction factor 4
for mild steel is 0.70).

In order to provide total protection for personnel and valuable equipment
neither spalling nor primary fragment penetration can be tolerated. Figure C3,
is a total protection chart for fragments. It relates maximum allowable striking
velocity for prevention of spalling and/or penetration, and thickness of the
concrete wall for various primary fragment masses.
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APPENDIX D

Sandwich~Type Wall Construction

A sandwich type wall is two reinforced -concrete walls separated by a
compacted sand fill (Figure D1). To evaluate the ultimate capacity of a sandwich
type reiniorced concrete wall for spalling, punching and flexural capacity, the
wall may be reduced to anequivalent standard-type wall by obtaining the attenuated
stress wave parameters acting on the front surface of the outside concrete portion.
A portion of this reduction is due to the stress and impulse attenuation as the
wave passes through the inside concrete wall and sand fill sections of the wall
(reduction due to distance) Further stress reduction is due to the change in the
magnitude of the stress wave as it passes from one medium tc another medlum of
different density.

Figure D2 is a chart for determination of attenuation ol peak pressure in
sand and concrete as a function of scaled concrete and sand thicknesses. The
s0lid family of lines refer to concrete, while the broken lines refer to sand.
Starting at a point corresponding to the front face of the inside concrete wall
a point is located on a solid line corresponding to a given value of pressure (P )
and scaled thickness of concrete (T/WL 3). A vertical downward reading fron th1~
point te the point on a broken line corresponding toa known velue of scaled thick-
ness of sand (T, /JL/3 is then made. From this point a horizontal reading is
made to deuermlne the attenuated peak pressure at the front face of the outside
concrete wall. It should be noted that this chart accounts for coupling elfects
between the sand and concrcte.

A similar chart has been developed for the determination oi attenuetion of
scaled impulse per unit area in sand and concrete.
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We

Fe

QUANTITY DISTANCE RETATIONSHIP FOR SYMPATHETIC DETONATION

dy = KWel/3, where W = Fo Fy Fe Fg W

Maximum distance between donor and acceptor charges, at which sympathetic
detonation occurs (ft.)

Weight of a bare, spherical, TNT charge, ﬂ@ﬂObwﬂmﬂ in free air, which
would produce & peak pressure blast output equivelent to that of the
actual donor charge (lbs.)

Weight of donor explosive charge (1bs.)

Blast sensitivity constant (corresponding to minimum peak pressure
required at acceptor charge to cause sympathetic detonation)

Confinement coefficient-Ratio of equivalent bare explosive weight
to actual weight of confined explosive (equivalent bare explosive

‘weight is that weight of bare charge which would produce the same

peak pressure blast output as the confined donor charge)

Reflection coefficient-Ratio of equivalent free-air detonated bare
explosive weight to equivalent bare explosive weight of the actual
donor charges (equivelent free-air detonated bare explosive weight
is that weight of bare explosive which, when detonated in free-air,
would produce the same peak pressure blast ocutput as a given donor
charge)

Composition coefficient-Ratio of equivalent free-air detonated bare
TNT weight to equivalent free-air detonated bare explosive weight of
actual donor charge (equivalent free-air detonated bare TNT weight is
that weight of bare TNT which, when detonated in free-air, would pro-
duce the same blast output as a given donor charge)

Shape coefficient-Ratio of peak pressure which would be produced by
detonation of equivalent weight F, F. Fo W of actual donor shape to
peak pressure which would be produced by detonation of same equiva=-
lent weight having spherical shape.

Figure 2
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DETERMINATION OF EXPLOSIVE COMPOSITION COEFFICIENT, Fg

(a) ®)

1. Conduct a series of small scale tests in which different weights (Wx) of bare
spherical charges of propellant X are detonated high enough from the ground so that
ground reflections are negligible (i.e. Fq, Fg, and Fp each equal 1) and peak pressure
(P) measurements are taken at various distances (d) from the detonation source. Plot
the data as indicated in Fig. (a).

2. For lines of constant peak pressure obtain the corresponding values of d and
W from Fig. (a). Calculate the reduced distance (d/Wx1/3) for each point. This
should be a constant value for each pressure.

3. For each of the above pressures, obj;ain the corresponding reduced distance
from the Kirkwood-Brinkley relationship for bare, spherical TNT charges detonated
in free air (Ref 5).

4. Plot propellant X reduced distance (Zy) against TNT reduced distance (ZTNT)
for each.pressure as shown in Fig. (b). These points should fall along a straight
line passing through the origin. The slope of this line equals Fe1/3, or

TA Z 3
Fo =18 % |2 /w13 3=XVLN__’IL.

A ZTNT 1/3 Wy
d/W pnr

Figure 3
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ACTUAL MAX. DISTANCE FOR THE - P
OCCURRENCE OF SYMPATHETIC DETONATION - -~

| VS,
ADJUSTED QUANTITY OF EXPLOSIVE
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NUMBERS REPRESENT DIFFERENT TESTS
SAME NUMBERS REPRESENT SAME TEST

C TNT |
O DYNAMITE( VARIOUS KINDS)
C TROJAN POWDER
MSDsMINIMUM SAFE
DISTANCE (ds)

0 s | . |
1.0 0.0 100 1,000 10,000 100,000

im- Ibs.

Figure 4
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SCHEMATIC REPRESENTATION OF DONOR-—ACCEPTOR RELATIONSHIPS GOVERNING

PROPAGATION BY FRAGMENT (MPACT

\DONOR \ d ,\ ACCEPTOR \
\4— di—)§ \ \
N N\ \
b | it
Voo f(E'WE)/CY_ o o . _ e =(1) Vb=t (Kedltgm)_ ... .. .. ..(3)
Vo= mitial fragment velocity Vp = boundary velocity or fragment
E's explosive output constant striking velocity of mass,m,

. hich hi -
E/C = explosives / casing weight ratio below which high order defona

Ny = £ (BICtg)didm)_ . ... _. (2) Ks= explosive sensitivly constant

) ta= acceptor casing thickness
Nx= number of fragments greater than
mass (m) V.
m = mass of fragment produced by bof (Ke)taXmmax) - - - - . - - _(3a)
donor defonation

Vi . e .
8 = constant depending on donor Brmin *minimum boundary velocity

explosive and casing material required for detonation of
given acceptor by fragment
C = donor casing weight from given donor,

ta= donor casing thickness

di = inside diameter of donor casing
Mmax =f (B)(C) (tg)(dp) __.__ ... .(2a)

Mmax = mass of largest fragment produced by donor detonation.

Vo
IF v < I: detonation by fragment impact will not occur.
~ Yb min
Vi . . .
IF V° > I: possibility of detonation by fragment impact exists.
. bmn '

Figure 6 .

tion of the acceptor will not occur.

A W
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STRIKING VELOCITY OF A FRAGMENT AS A FUNCTION OF FRAGMENT MASS

\\ AND_DISTANCE %
DONOR \* d >\ A&EPTGRS

A )

ofabe— B -
(\p) = constant | d| d,>d, >4,
d
2
VS
/43/
m
d = f RV VNM) wcme e e e mceam - —(4)

d = distance from the donor charge.
k = constant depending on fragment size, shape, air density and
- drag coefficient. '

Vs striking velocity of fragment at a distance. d

Figure 7
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BOUNDARY VELOCITY OF A FRAGMENT AS A FUNCTION OF FRAGMENT MASS

AND ACCEPTOR SHIELDING

A

ta3> ta2>> tai

V,

V, = LR aNm) o (3)




A

1

MINIMUM EFFECTIVE FRAGMENT MASS AND CORRESPONDING VELOCITY AS A

FUNCTION OF DISTANCE AND SHIELDING

DONOR ’ § ACCEPTOR
e——ow——— d -——-—)4\
\
—’lfdl‘— fa{"—
(K¢) = Consfant
(V,) = Constant

A = 1 (0 (YoM)L (4g)

WHERE d, = maximum distance from given donor charge ot
which detonation of gwven acceptor is possible.

Figure 9
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PROBABILITY OF DETONATION OCCURRENCE AS A FUNCTION OF DISTANCE

AND SHIELDING

E
E3> 2> El

Eo — Zero probability curve

ta
PA: fIN)(dNg) - - - w - - o - - (5)
E=f(P)--c--c-cc-cu- - (50

/A = Probable number of effective hits per unit area.

(N,) = Total number of effective fragments.

(g) = Factor goveming the distribution of fragments.

(D) = Distance between donor and acceptor charge.

(E) = Probability of high order detonation. occurrence in
the acceptor.

(A) = Presented area of the acceptor

Figure 10
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VARIOUS CHARGE LOCATIONS

Charge Location Charge Location

. Y

FREE AIR PART FREE AIR AND

(12a) PART REFLECTED

(12b)

<«+—— SHOCK FRONT

PLANE SHOCK WAVE
(12¢)

Ref. 4

Figure I2
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DONOR

PRIMARY FRAGMENTS BLAST
) y
| PROTECTIVE WALL ]
| PerForaTION —>  spaLLING |
1 SPALLING —»  PUNCHING Hw
0 [_No AcTioN | FLEXURAL FAILURE
—
SECONDARY FRAGMENTS _ ”| PRESSURE rm>§ﬂ
- - ]
=%  PRIMARY FRAGMENTS — w~oacTioN | h
 J y
SECONDARY TOTAL

|
oTOR FRAGMENTS DESTRUCTION

DESIGN OF PROTECTIVE STRUCTURES

Figure 14
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CHARGE WEIGHT VS MASS,VELOCITY AND KINETIC ENERGY OF

THE PUNCHED OUT FRAGMENT
(SCALED DISTANCE Z=0.5)

(WALL THICKNESS T=1| FOOT)

10,000

We - CHARGE WEIGHT (L8S)

Ke- KINETIC ENERGY OF THE
SECONDARY FRAGMENT
S, (FT LBS)

1,000 M - MASS OF THE SECONDARY
FRAGMENT (LBS SEC?)
FT

Vo - VELOCITY OF THE SECONDARY
FRAGMENT (FPS)

M, Vo, Kex 10-3

100 We 1,000 10,000

Ret. 4
Figure 16
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WALL HEIGHT VS CHARGE WEIGHT
AmIOi_ZO VARIOUS REQUIRED MOMENT CAPACITIES AND
PRESSURE LEAKAGE LEVEL)
SCALED DISTANCE Z=0.5
WALL THICKNESS T=IFT
20
o (o)
S of & o We - WEIGHT CHARGE (LBS)
of © of &
N [«] %) Q
o of N 2 H-WALL HEIGHT (FT)
x ef & Re-MOMENT CAPACITY
po._./ (KIP FT/FT)
2 2 °rowu Po- PRESSURE LEAKAGE (PSI)
' (~]
. \ \ < Z-SCALED DISTANCE (FT/LB
/

N

Figure 18

Ref.' 4
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WALL SUBJECTED TO FREE AIR AND REFLECTED PRESSURES

Location of Formation of Mach

z..:.n_. Front of Front ot Secondary Wave
Secondary Wave . _IV>
B — A
\I Free Air
\ Region
Free Air q
Region |
4 Charge Location h

7777
Triple Point Path

Region A (Reflected Press)
onos Reflection ..rv>
Region FRONT ELEVATION
SECTION A-A

Mach Reflection

Figure Al

Ref. 4
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..REFLECTED PEAK PRESSURE AND REFLECTED SCALED IMPULSE

154

PEAK PRESSURE AND SCALED IMPULSE vs
SCALED DISTANCE '

50,000
\
A
20,000 \
’ \
10,000} \ i

\ - PRESSURE (psi) '

N \

2,000 N
A\

1,000
SCALED \ \

500 mpuLSE \ 1
PER UNIT|AREA

(psi-ms/tp. ')

200 \

100 N

50 \
\

20

~ 345 7 10 15 25 50
SCALED DISTANCE (ft/1b"®)

Figure Bl Ref. 4
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RATIO OF RESIDUAL VELOCITY TO
STRIKING VELOCITY

\L

RATIO OF WALL THICKNESS TO FRAGMENT
MAXIMUM PENETRATION

1.0 —
0.8 //
0.6
T/Xm

0.4
0.2

0

0 0.1 0.2 0.3 04

<N\<_

V, - STRIKING VELOCITY OF
PRIMARY FRAGMENTS
(FPS)

Vo ~ RESIDUAL VELOCITY OF
PRIMARY FRAGMENTS
(FPS)

T - WALL THICKNESS (iN)

Xm - MAXIMUM FRAGMENT
PENETRATION (IN)

Figure C2

Ref. 4
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ISOMETRIC OF SANDWICH WALL CUBICLE

Figure DI
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. PERK NORMAL REFLECTED PRESSURE, P8I

/
/

1/
s

$*

~

\

&y
o

e

10 nd e 7
/S 7
/S 7 oL - @
AA7 - —"
IO2 / ; ij /‘/
027"
y, /7
Lz
L/
7
|o'
NOTE: Numbers next to the solid
lines indicate values of
T/W"3 white the numbers
next to the dashed lines
indicote vaiues of To/WY3
l()°l

ATTENUATION OF PEAK PRESSURE IN SAND AND CONCRETE

Figure D2

Ref. 4




